Double oxide films (bifilms) are significant defects in the casting of light alloys, and have been shown to decrease tensile and fatigue properties, and also increase their scatter, making casting properties unreproducible and unreliable. Recent research has suggested that the nature of oxide film defects may change with time, as the air inside the bifilm would react with the surrounding melt leading to its consumption, which may enhance the mechanical properties of Al alloy castings. It was suggested that in a pure Al melt, oxygen within the bifilm atmosphere would be consumed first to form alumina, then nitrogen would react to from AlN. A CFD model of the heat distribution associated with the reactions between the interior atmosphere of a double oxide film defect and the surrounding liquid alloy suggested that highly localized increases in temperature, up to 5000, could occur, over a scale of a few hundred micrometers. Such localized increases in temperature might lead to change the nature of the bifilm causing it to be less harmful to the properties of Al cast alloys.
INTRODUCTION
As the use of cast aluminium has increased, so have the mechanical property requirements, and since the mechanical properties of the Al castings are greatly affected by their inclusion contents; it is important to study these inclusions, their types, causes and harmful influences on castings. One of the most significant inclusions is the entrained surface film defect, or a bifilm, which has been reported by many researchers to have detrimental effects on the reliability and reproducibility of Al castings [1] [2] [3] [4] [5] .
During the casting of aluminium alloys, the melt surface is exposed to air which results in the formation of a surface oxide film. As a result of the surface turbulence, which is a common feature during metal transfer and pouring in the casting process, the surface of the liquid metal is folded over itself. This causes the upper and lower oxidised surfaces of the folded-over metal to come together and trap a layer of the mould atmosphere between them (most probably air), creating a bifilm defect. This defect is then incorporated into the bulk liquid in an entrainment action [6] [7] [8] [9] [10] .
In an earlier research [11] , it was indicated that due to the movement of a bifilm defect within an Al melt, the oxide skin might experience ruptures which allow the oxygen and nitrogen inside the bifilm to react with the melt to produce Al2O3and AlN, respectively. The reactions could re-seal the ruptures in the oxide layer. If the melt was to be held in the liquid state for sufficient time before solidification, this mechanism might continue until all of the oxygen and nitrogen inside the bifilm was consumed. The results by Nyahumwa et al. [11] , Raiszadeh and Griffiths [12] , El-Sayed et al. [13, 14] , and Griffiths et al. [15, 16] demonstrated that oxygen within the defect would be consumed first forming Al2O3, followed by nitrogen consumption to form AlN. Also, hydrogen was found to diffuse into the bifilm as the melt was kept longer in the liquid state [17, 18] . Studies by Griffiths et al. [15, 16] and El-Sayed et al. [19, 20] of the rates of consumption of an air bubble trapped in a pure Al melt enabled the determination of the rates of reaction. This had been subsequently used to gain some understanding of the possible life-cycle of a freshly-created double oxide film defect.
The reactions between bifilm atmosphere and the surrounding melt are exothermic and would be expected to locally raise the temperature of the oxide layer forming the bifilm. In this study the change in the temperature of the oxide film due to the heat produced form the reactions was modeled using Fluent 6.3.26, a commercial CFD software, to determine what might be the local temperature inside a bifilm defect entrained within an Al melt after different periods of holding in the liquid state. In a study of the shape and dimensions of double oxide film defects in a 2L99 alloy casting [21] , it was reported that the length of a bifilm was 2.2 mm and the average volume of a bifilm was 0.5 mm 3 . In the current study a bifilm was considered that had a rectangular shape and dimensions of 2.2 x 2.2 x 0.1 mm with an oxide film thickness of 0.002 mm, resulting in a volume of air inside the bifilm of 0.48 mm 3 and a surface area of reaction of 10.56 mm 2 . It was assumed that the reactions between the bifilm interior and the surrounding melt were occurring through a single rupture in the oxide film.
DEVELOPMENT OF THE COMPUTATIONAL FLUID DYNAMICS (CFD) MODEL

Model description
The oxygen and nitrogen inside the bifilm react with the melt (with the priority given to the oxygen) to form Al2O3 and AlN respectively [12] , according to the following equilibrium equations:
The heat of formation of alumina and AlN are 1.11x10 6 and 3.18x10 5 J mol -1 of O2 and N2 respectively [22] . Experimental results of the change of the gas content of an air bubble held inside an Al melt for different periods and subjected to stirring (determined by El-Sayed et al. [23] suggested that the consumption rates of oxygen and nitrogen inside the bubble (due to reaction with the surrounding melt) were 2.54x10 -6 and 1.33x10 -6 mol m -2 s -1 respectively.
The model consisted of three adjacent rectangular blocks each of 2.2 x 2.2 mm cross section, as shown in Figure 1 . Due to symmetry, only one half of the bifilm was considered. The volume of air to be consumed was assumed to be 0.24 mm 3 and the surface area of reaction was assumed to be 4.84 mm 2 , (neglecting the reactions occur on the side walls of the bifilm). Based on the surface area of reaction between the melt and the bifilm atmosphere, the consumption rates of O and N inside a bifilm were estimated to be 1.23x10 -11 and 6.46x10 -12 mol s -1 respectively. Taking into consideration the heat released due to consumption of one mole of O2 and N2 which was 1.11x10 6 and 3.18x10 5 J mol -1 respectively, the rate of heat generation due to the consumption of oxygen and nitrogen would be 1.37x10 -5 and 2.05x10 -6 Js -1 respectively.
Figure 1.
Schematic illustration of the model geometry when the heat was localized at the location of rupture Again, it was considered that all reactions would occur by the rupture and re-sealing of a single point in the alumina film. This might be because the region that was fractured and re-sealed would be the weakest point in the alumina film and would have a higher tendency to re-tear under the shearing stresses associated with the movement of the bifilm within the melt. A rupture with dimensions 10 x 10 x 2 μm was considered in the centre of the alumina layer, at which the heat generated from the reactions in Equations 1 and 2 was applied. The volume of the rupture was 2x10 -16 m 3 and therefore the heat generated per unit volume due to the consumption of oxygen and nitrogen would be 6.87x10 10 and 1.03x10 10 Wm -3 respectively. Also, the times needed by the O and N to be consumed were determined in an earlier study to be 62 and 461 seconds respectively. Therefore, a volumetric heat source of 6.87x10 10 Wm -3 was applied at the location of the rupture for 62 seconds to represent the period of O consumption. Then the heat source was decreased to 1.03x10 10 Wm -3 and applied at the same location for 461 seconds to represent the subsequent consumption of N. The heat source was then removed and the model was allowed to run for another 180 seconds before halting, as shown in Figure 2 . 
Pre Processing
In this model Gambit 2.3.16 software was used to create the geometry with the required dimensions, as shown in Figure 3 , and to generate the appropriate mesh within the geometry. The temperature was calculated within each grid point (element). meshing, the boundary conditions of each zone were specified, with all the zone borders considered as walls. The Liquid Al and Air zones were set as fluid while Oxide layer and Rupture zones were set as solid. Finally, the grid was exported as a mesh file from Gambit to be used in Fluent for solution.
Solver
In this model all the outer boundaries of the different zones were set as stationary walls with a constant temperature of 1073 K.The volumetric heat source applied at the oxide layer was considered to be transferred by conduction through the Oxide zone and by convection and conduction through the Air and Liquid Al zones.
Governing Equations of the Fluid Flow
The heat conduction through solids is governed by: 
Discretization
Fluent 6.3.26 was the CFD solver used in this problem which used a finite-volume method to perform the flow calculations and solve the governing equations for fluid, (the continuity equation, the energy equation and the momentum equation). The equations were first discretized (converted from the differential form into an algebraic one), and then solved at each grid point.
A 3D segregated, unsteady 1 st order implicit solver was selected. The physical and thermal properties (e.g. viscosity, thermal conductivity and specific heat) of the different materials, liquid aluminum, alumina and air were assigned to the corresponding zones. These values have been given in Table 1 . The operating pressure and temperature were set to 101325 Pa and 1073 K respectively. The velocity-pressure coupling was solved using the Simple algorithm. Quick Scheme was used for discretization of the momentum equation and a second order upwind scheme was used for discretization of the energy equation. The unsteady solver was set to a 1 second time step with a maximum number of iterations per time step of 60. At the end of each iteration the residual sum for each of the conserved variables was determined. Convergence was decided when the residuals of a variable fell below a predetermined value, 10 -5 for the continuity, momentum and energy equations. Temperature monitors at different locations in the domain were recorded while running the solution. These monitors were also indicators of convergence, if they did not change significantly for successive iterations. With these criteria, 60 iterations per time step was found to be sufficient the convergence of the solution.
RESULTS AND DISCUSSION
To provide better illustration of the modelling results a vertical plane passing through the centre of the oxide layer was considered and the change in temperature of the three zones (air, oxide and liquid Al) has been displayed on this plane. Figure 4 shows the distribution of the contours of temperature across a vertical plane, after running the model for 2 minutes. The maximum temperature at this time was found at the location of the rupture and was predicted to be about 1700 K. Around this location the temperature decreased uniformly with distance and reached 1073 (the melt temperature) at a distance of about 15 μm from the centre of the rupture. Figure 5 shows the change in the distribution of temperature contours across the vertically-oriented plane during the application of the heat source, (at t = 1 min., t = 4 min., t = 7 min., t = 9 min.), and after one minute and two minutes respectively, from the removal of the heat source, (t = 10 min. and t = 11 min.), as it was suggested by the model that the alumina layer might take about two minutes to cool down to the melt temperature (1073 K). The change in temperature at the location of the rupture with time is shown in Figure 6 , which shows that the temperature at the rupture point was predicted to increase gradually with time to reach a maximum value of about 5000 K after about 9 minutes of the application of the heat source. After the removal of the heat source the temperature at the location of the rupture decreased and reached the bulk temperature of 1073 K in about two minutes. It should be noted that the reactions between the bifilm atmosphere (mainly oxygen and nitrogen) with the surrounding melt to produce Al2O3 and AlN, are exothermic, with a heat of formation of 1.11x10 6 and 3.18x10 5 J mol -1 of O2 or N2 respectively [22, 29] . Results of modeling of the change in temperature of the oxide film due to these reactions, suggested that when all the reaction was to occur at a single point in the alumina film (by a repetitive process of fracture and resealing of the film at this point), the maximum temperature at this point might be as high as 5000K, as shown in Figure 6 . The high increase in the local temperature of the bifilm may suggest that some partial sintering could occur between the oxide layers forming the defect. Yu and Yen [30] sintered alumina powders with a particle size ranging from 20 to 200 nm at 1673 K (1400°C). Also, Guillon and Nettlesgip [31] reported the possibility of the sintering of alumina films with a thickness of about 20 μm at temperature of about 1623 K (1350°C). This might explain the results by Griffiths et al. [18, 32] , who examined the possibility of bonding between oxide layers. In this work the authors produced castings that contained double oxide films of about 20-minutes ages by holding Al castings in the liquid state for different periods of time before solidification in ceramic shell moulds. On the fracture surface of a specimen of commercial purity aluminium alloy, an apparent double oxide film was detected that had connections or bonds between its inner faces. It was suggested that due to the consumption of air inside the defect by reaction with the molten metal (during 20 minutes holding before solidification), the two sides of the bifilm could come together and bond at some points, which might lead eventually to the deactivation of the defect. The bonding detected here could be resulted from the proposed sintering of the two layers of the bifilm defect due to the remarkable increase in the local temperature suggested by the model.
It should be noted that the boiling point of aluminium and alumina are 2792 K and 3250 K respectively [22] . As the heat released by reactions was localised at the location of the rupture in the oxide film, the maximum temperature at this point was determined to be about 5000 K which is theoretically sufficient to cause some portions of the Al melt to boil, and the oxide to decompose.
CONCLUSION
A CFD model of the increase in temperature of an alumina layer, (due to the formation of Al2O3 and AlN within a bifilm), suggested a highly localized increase of the temperature inside a bifilm that could be as great as 5000 K. Such elevated increase in the local temperature of the bifilm could cause sintering of the two oxide layers of the defect leading them to bond at some points which might help the deactivation of the bifilm.
